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Thermal exposure is known to significantly affect the microstructure of the substrate superalloy and the PtAl 
coating [2,3]. Some of the changes induced in the alloy microstructure during thermal exposure include surface 
degradation i.e. formation of a brittle oxide layer on the surface, formation of a recrystallized (RX) layer and γ’ 
depleted zone at the sub-surface regions, and the degradation of the substrate manifested by coarsening of the 
matrix γ’ precipitates as well as decrease in their volume fraction [2]. Thermal exposure induced effects in the 
coating include the formation of brittle alumina layer on the surface, extensive interdiffusion of elements across 
the coating/substrate interface leading to the reversible transformation of β phase to L10 martensite, formation 
of γ’ phase and increase in its volume fraction in the coating [3-5]. Such changes in the coating and the 
substrate microstructure can have detrimental effects on the creep properties of the component. Studies on the 
effect of thermal exposure on the creep behavior of superalloys, therefore, become essential from the aero-
engine application point of view.  
In the present study, the creep behavior of bare and PtAl coated DS CM-247 LC superalloy has been studied 
after thermal cycling exposure in air and efforts made to draw a comparative assessment of the effect of cyclic 
oxidation on their creep behavior. 
2. Experimental details 
The Ni-base superalloy, CM-247LC, having nominal composition (in wt.%) 9.2 Co-8.1 Cr-9.5 W-5.6 Al-3.2 
Ta-1.5 Hf-0.7 Ti-0.015 Zr-0.5 Mo-0.15 B-0.07 C-balance Ni, was used as the material for study. The alloy was 
obtained as 13 mm dia. rods, the length of which was parallel to the solidification direction <001>. Some of the 
rods were subjected to solution heat treatment in vacuum at 1230°C for 30 min and 3 h at 1260°C followed by 
two-step aging treatment in vacuum at 1080°C for 4 h and 870°C for 20 h. The above heat treatment schedule 
ensured that the desired γ-γ’ structure was achieved in the substrate. Creep specimens of 5 mm dia. and 25 mm 
gage length were machined from these heat treated rods.  
For the preparation of coated samples, creep specimens fabricated from solution-treated rods, were applied 
with a 5 μm thick layer of electrodeposited Pt and subjected to a diffusion heat treatment at 1080°C for 4 h in 
vacuum. They were then aluminized at 830°C for 5 h in Ar atmosphere using a pack mixture (in wt.%) 10% Ni-
Al alloy powder, 2% NH4Cl and balance calcined Al2O3 powder. Finally, the aluminized samples were 
subjected to the same two-stage aging treatment, as mentioned earlier for completing the process of coating 
formation as well as developing the substrate γ-γ’ structure. Some of the bare and coated creep specimens were 
subjected to cyclic oxidation in air at 1100°C for 750 h. Each cycle comprised of soaking the samples at 
1100°C for 30 min. followed by cooling under ambient conditions for 30 min. The un-oxidized, oxidized bare 
creep specimens are referred to as B0, B750 and their coated counterparts C0, C750, respectively, in the 
subsequent text.  
Constant load tensile creep testing of the samples was carried out in air at a temperature of 980°C and stress 
of 220 MPa. At least two samples of each type were tested to ensure consistency in results. For each creep 
specimen, the load corresponding to the creep test stress of 220 MPa was adjusted based on the initial diameter. 
Fractography studies and detailed microstructural characterization of the samples were carried out in a Quanta 
400D scanning electron microscope (SEM) operated at 20 kV. 
3. Results 
3.1. Creep behavior 
The typical creep plots for the various specimens are presented in Fig. 1(a) and their creep properties 
mentioned in Table 1. The average values of minimum creep rate (MCR), creep strain (CS) and creep life (CL) 
for B0 were 1.9 x 10-4 h-1, 16.7% and 79.3 h, respectively. The creep properties of the alloy deteriorated after 
cyclic oxidation exposure. The MCR of the alloy increased by a factor of 15 after cyclic oxidation exposure of 
750 h (Table 1). The CL decreased from 79 h for B0 to 6.9 h for B750 (Table 1). The creep strain (CS) for 
B750 was about 40% lower than that of B0 (Table 1).  
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The MCR, CS and CL for C0 were 3.1 x 10-4 h-1, 18.8 % and 43.5 h, respectively. Thermal exposure caused 
deterioration in the creep behavior of the coated alloy. The MCR of the C750 specimen was about 7 times 
higher while the CL at 8.9 h was 80 % lower than that of C0 (43.5 h). On the other hand, the value for CS of 
C750 at 14.5% was similar to that of C0 (Table 1). 
Table 1. Creep properties 
Specimen ID Creep rate (h-1) Creep strain (%) Creep life (h) 
B0 1.9 x 10-4 16.7 79.3 
B750 2.9 x 10-3 10.3 6.9 
C0 3.1 x 10-4 18.8 43.5 
C750 2.3 x 10-3 14.5 8.9 
 
Application of the PtAl coating did not affect the MCR and CS of the substrate alloy, as evident from the 
comparable values of MCR and CS for the C0 and B0 specimens. However, the CL of C0 was about 45% 
lower than that of B0. Thermal exposure for 750 h had alike deteriorating effect on the MCR and CL of the 
bare and the coated alloy. However, the CS of the C750 specimen was about 40% higher than that of B750 
(Fig. 1(a) and Table 1). Thermal exposure also caused a decrease in the primary and secondary stage creep 
deformation and accelerated tertiary creep deformation (Fig. 1(b)). This aspect can be confirmed from the 
predominantly tertiary creep behavior exhibited by the creep plot for the B750 and C750 specimens (Figs. 1(a) 
and 1(b)) unlike that for their un-oxidized counterparts, the creep plots for which, exhibit a prolonged primary 
and secondary stage creep deformation followed by a short tertiary creep regime (Figs. 1(a) and 1(b)). 
 
(a)  (b)  
Fig. 1. (a) Creep plots for the various specimens and (b) variation in creep rate with creep strain. 
3.2. Initial microstructure prior to creep test 
The microstructure of the as-heat treated CM-247LC (DS) alloy consisted of cuboidal shaped secondary γ’ 
precipitates present in a matrix of γ-Ni solid solution (Fig. 2(a)). The average size of these precipitates 
(measured along the diagonal) was 0.5 μm and their volume fraction was ~ 0.65. Thermal exposure for 750 h 
caused significant coarsening of secondary γ’ precipitates (Fig. 2(b)). The average size of the γ’ precipitates 
increased to 3 μm while their volume fraction decreased to 0.33. Besides, significant spheroidization of the 
secondary γ’ precipitates was observed after thermal exposure (Fig. 2(b)). Such coarsening/spheroidization of 
γ’ precipitates is driven by considerations of reduction in their surface energy [6]. Large scale surface damage, 
manifested by the formation of a recrystallized (RX) layer, was also seen in B750 (Fig. 2(c)). The RX layer 
forms under the influence of thermal stresses generated during cyclic oxidation [2]. The top portion of the RX 
layer was devoid of γ’ precipitates and the development of this γ’ precipitate-free zone (PFZ) occurs because of 
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the loss of Al from the surface regions of the alloy towards the formation of the oxide layer [2]. This aspect was 
confirmed from the relatively lower Al concentration of PFZ at 1.17 wt.% when compared to the initial Al 
concentration of the alloy, i.e. 5.6 wt.%. The total thickness of the surface degraded region was non-uniform 
and varied in the range 150-250 μm. Further details of the surface damage caused by oxidation exposure can be 
found in our earlier publication [2].  
 
 
(a) (b) (c) 
Fig. 2. Variation in the morphology and distribution of the γ’ precipitates with thermal exposure (a) 0 h and (b) 750 h. (c) 
surface damage caused by oxidation exposure prior to creep test in B750 sample. 
The as-deposited coating was approximately 90 μm in thickness and it had a three-layer structure. The outer 
layer had a two-phase structure in which the PtAl2 phase was distributed in a ȕ-(Ni,Pt)Al matrix. The 
intermediate layer consisted of ȕ-(Ni,Pt)Al phase and the inner layer was the interdiffusion zone (IDZ), 
typically found in diffusion aluminide coatings [3]. The substrate microstructure in C0 was similar to that of 
B0. Apart from the formation of a protective scale of α-alumina on the surface of the sample, the coating 
microstructure underwent significant changes after cyclic oxidation. The starting three-layer coating structure 
(Fig. 3(a)) changed to a two-layer one. Unlike the ȕ phase which forms the matrix of the coating in C0, the 
coating in C750 was essentially constituted of γ’ phase (vol. fraction 0.7) surrounding the β-phase (Fig. 3(b)). 
Besides, the ȕ phase exhibited transformation to a L10 martensitic lath structure [3-5]. The martensitic 
transformation in the ȕ phase is reversible in nature having a transformation temperature (Ms) of about 700°C 
[4]. Such microstructural variation in the PtAl coating with thermal exposure was primarily driven by the loss 
of Al from the coating towards the formation of the alumina scale on the coating surface as well as its loss into 
the substrate under the concentration gradient that existed between the coating and the substrate. Interdiffusion 
of the other elements, including Ni, between the coating and the substrate also contributed to the above 
mentioned changes in the coating during the oxidation exposure [3-5]. Thermal exposure also led to significant 
variation in morphology and distribution of substrate γ’ precipitates at the coating/substrate interface when 
compared to the matrix of the superalloy. As seen in Fig. 3(c), the γ’ precipitates were coarser and assumed an 
orientation parallel to the coating/substrate interface in the C750 specimen while no such effect was seen in the 
interior of the specimens. The orientation of γ’ precipitates parallel to the coating/substrate interface occurs due 
to the mis-match in co-efficient of thermal expansion between the bond coat and the superalloy substrate during 
thermal cycling [5]. The interior of the substrate in C750 exhibited similar coarsening, spheroidizing and 
reduction in volume fraction of the γ’ precipitates as was seen in case of the B750 specimen (Fig. 2(b)). Surface 
degradation (formation of the RX layer and the Ȗ’ precipitate-free zone (PFZ)) observed in B750 (Fig. 2(c)), 
was absent in C750 because of the presence of the oxidation resistant coating (Fig. 3(b)). 
3.3. Microstructure after creep test 
Longitudinal section of creep tested B0 specimen revealed the formation of a 40 μm thick PFZ at the 
surface. This PFZ has formed because of oxidation and consequent Al loss from the alloy surface toward oxide 
formation during the creep test. Some surface cracks which were largely shallow and remained confined to the 
PFZ were also observed. Such cracking occurred along the grain boundaries of the equiaxed RX layer in which 
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the boundaries were oriented perpendicular to th
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close to the coating/substrate interface (Fig. 5(b)) and random raft formation was observed at the interior of 
C750, as was typically noticed for B750 (Fig. 4(c)). Void formation similar to that of B0 and B750 was also 
seen in the substrate in C0 and C750 specimens. 
 
(a) (b) 
Fig. 5. Rafting behavior in the coated alloy (a) C0 and (b) C750. 
4. Discussion 
The deterioration in creep properties of the bare alloy with thermal exposure can be partly ascribed to the 
surface degradation. The cracking of the surface RX/PFZ layer during creep testing essentially makes the 
surface regions non-load bearing and increases the effective applied stress. For instance, subtraction of the RX 
zone thickness of 250 μm from the initial cross-section of the B750 specimen results in an effective stress of 
282 MPa, though the applied stress was 220 MPa. The second factor causing deterioration in creep properties is 
the presence of a region below RX layer where γ’ rafting parallel to stress axis has occurred. As previously 
stated, rafting typically occurs perpendicular to loading axis, as observed in the interior of B0. For such rafting 
to take place, the misfit between the γ’ and the γ phases needs to be negative while positive misfit results in raft 
formation parallel to the loading direction [10]. In B750, it appears that misfit is positive near the surface 
region where parallel rafting during the creep test was observed (Fig. 4(b)). Such parallel raft formation near 
the surface can be caused by the stresses generated in the alloy during thermal cycling, possibly because of the 
difference in co-efficient of thermal expansion between the unaffected substrate and the RX layer. Further, 
since the misfit in superalloys and the rafting characteristics are affected by the alloy composition [9-11], loss 
of Al from the surface during oxidation exposure can also contribute to the above mentioned parallel rafting. 
As stated previously, rafting of γ’ phase perpendicular to loading axis helps in restricting dislocation activity in 
the γ channels [7-9]. Rafting parallel to loading axis, however, would allow easy dislocation movement in γ 
channels and, therefore, enhance creep deformation [10,11]. Thus, deterioration in creep properties observed in 
B750 can be partly ascribed to the γ’ rafting parallel to loading direction. The third factor that has affected 
creep performance of B750 is the coarsening of the matrix γ’ precipitates during oxidation exposure. Such 
coarsening not only increases the γ’ size but also reduces its volume fraction, increases the spacing between γ’ 
precipitates and increases the volume fraction of matrix γ phase. As a result, the γ channels become 
increasingly wider with the increase in the duration of thermal exposure. Larger γ channels impose a reduced 
restriction to the dislocation movement, which leads to an increase in MCR and accelerated tertiary creep 
deformation.  
Application of the coating caused a decrease in the CL of the bare alloy. A recent study involving tensile 
testing of a free-standing PtAl bond coat (i.e. stand-alone coating specimen without any substrate attached to it) 
has revealed that the coating exhibits significantly lower yield strength of about 45-75 MPa in the temperature 
range 800-900°C [12]. The coating, therefore, remains non-load bearing during the creep test. At the same 
time, the presence of the coating reduces the overall load bearing cross-section of the specimen and hence, the 
effective stress experienced by the specimens during the creep test increases. The decrease in CL of the coated 
alloy (C0) over that of B0 can be therefore be attributed to the lower strength of the coating at the creep test 
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temperature of 980°C. On the hand, since the substrate microstructure remains similar in C0 and B0, their MCR 
and CS values remain unaffected. The increased MCR, accelerated tertiary creep deformation and reduced CL 
of the C750 specimen over C0 can be partly ascribed to the inherent parallel orientation of the γ’ precipitates 
along the coating/substrate interface at the sub-surface regions prior to the creep test (Fig. 3(c)). These parallel 
oriented γ’ precipitates offer low resistance to dislocation movement in the γ channels during the creep test, 
thereby causing an increase in MCR and reduction in CL. Further, as discussed for B750, coarsening of the 
matrix γ’ precipitates, reduction in volume fraction and increase in the width of the γ channels also contribute to 
the deterioration in creep behavior of the C750 specimen. On the other hand, the absence of surface 
degradation (RX layer and PFZ) and the associated surface cracking in C750 (Fig. 3(b)), imparts it with a CS 
which is comparable to that of C0 and appreciably higher than that of B750 (Fig. 1(a) and Table 1).  
The CS of C750 remains comparable to that of B0 at about 14% (Table 1). The similarity in CS of C750 and 
C0 indicates that the presence of the coating preserves the creep strain of the alloy even after 750 h of 
oxidation. On the other hand, in the absence of the coating, the alloy exhibits significant deterioration in creep 
strain from 16% (B0) to about 10% (B750) over the same duration of oxidation (Table 1). The application of 
the coating is beneficial in preventing surface degradation in the alloy during thermal exposure (formation of 
RX layer and PFZ) and the associated cracking, and, thereby imparts a higher creep strain to the alloy. 
5. Conclusions 
The effect of cyclic oxidation exposure at 1100ºC for 750 h in air on the creep behavior of bare and PtAl 
coated CM247 DS superalloy has been evaluated. The tensile creep tests were carried out using a stress-
temperature combination of 220MPa/980°C. Cyclic oxidation exposure was found to degrade the creep 
properties of both bare as well as coated superalloy. In case of the bare alloy, the deterioration in creep 
properties can be ascribed to the surface damage caused during oxidation and the inherent microstructural 
degradation, i.e. simultaneous coarsening and reduction in volume fraction of the strengthening γ’ precipitates, 
occurring in the alloy during thermal exposure. The deterioration in creep properties of the coated alloy can be 
attributed to the γ’ precipitates assuming an orientation parallel to the coating-substrate interface at the sub-
surface regions under the influence of repetitive thermal cycling stresses and the inherent microstructural 
degradation taking place in the substrate during thermal exposure. The presence of the coating preserves the 
creep strain of the alloy even after 750 h of oxidation. 
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